We describe a technique to identify Be stars in open clusters using Strömgren b, y, and narrow-band Hα photometry. We first identify the B-type stars of the cluster using a theoretical isochrone fit to the (b−y, y) color-magnitude diagram. The strongest Be stars are easily identified in a (b − y, y − Hα) color-color diagram, but those with weaker Hα emission (classified as possible Be star detections) may be confused with evolved or foreground stars. Here we present such photometry plus Hα spectroscopy of members of the cluster NGC 3766 to demonstrate the accuracy of our technique. Statistical results on the relative numbers of Be and B-type stars in additional clusters will be presented in a future paper.
Introduction
Be stars are broadly defined as non-supergiant (luminosity class III−V) B-type stars that show or have shown Balmer emission (Porter & Rivinius 2003) , although a few supergiant Be stars are also known (Negueruela 2004) . Their emission is due to a circumstellar disk that is often highly variable on both short and long time scales. The emission lines change intensity, and the relative intensity of their double-peaked profiles changes, over short time scales of days and even hours. In addition, the disks themselves have been observed to disappear and reappear over years or decades (Slettebak 1988) . Be stars are well known to be a class of rapidly rotating stars (Slettebak 1949 (Slettebak , 1966 Slettebak, Collins, & Truax 1992) , and there are three possible reasons for their rapid rotation. They may have been born as rapid rotators (Zorec & Briot 1997) , spun up by binary mass transfer (Pols et al. 1991) , or spun up during the main- Many observational surveys have searched for Be stars in open clusters using multi-band photometry. Shobbrook (1985 Shobbrook ( , 1987 used plots of c 1 vs. β, c 1 vs. V magnitude, and β vs. V to identify Be stars in NGC 3766. Many recent surveys have relied on color-color diagrams, rather than Shobbrook's color-magnitude diagrams, to detect Be stars more efficiently. Grebel, Richtler, & de Boer (1992) used a technique somewhat similar to ours ( §3) to identify Be stars in NGC 330. They used Strömgren b, y, and a narrow-band Hα filter for their observations, and they plotted a colorcolor diagram for the cluster using b − y vs Hα − y. They were able to verify almost all of their detections with low resolution spectra, demonstrating the accuracy of this technique. Several other surveys (Grebel 1997; Dieball & Grebel 1998; Keller, Wood, & Bessell 1999; Keller, Bessell, & Da Costa 2000; Grebel & Chu 2000; Pigulski, Kopacki, & Ko laczkowski 2001) have used variations of the color-color diagram technique to identify Be stars in open clusters. Grebel (1997) emphasizes that the number of Be stars detected in this type of surveys actually represents a lower limit on the true number of Be stars for several reasons. Most importantly, since the Be state is not permanent, only those stars with current disk outbursts will be detectable as Be stars. In addition, the number of late type Be stars is likely to be incomplete since they are fainter, and they also tend to have weaker Hα emission than early Be stars.
In this paper, we present an improved photometric technique based on (b − y, y) colormagnitude and (b − y, y − Hα) color-color diagrams to detect Be stars in open clusters. While our method is very similar to that of Grebel et al. (1992) , we have enhanced it by using cluster isochrone fitting to identify the B-type stars in each cluster. We have also used a fit of the color-color curve to identify Hα emitters among the B star population. To demonstrate the accuracy of our technique, we present spectra of 20 stars in the cluster NGC 3766 and correlate their Hα equivalent widths with their y − Hα colors. Our photometry of additional clusters will be presented in a future paper, and at that time we will use our statistics to discuss the implications on the possible Be star formation scenarios.
Observations
We made photometric observations of the cluster NGC 3766 on 2002 April 1 using the CTIO 0.9 m telescope with the SITe 2048 CCD. The images were binned using a CCD summing factor of 2 × 2 pixels due to the slow readout time of the chip. Without binning, the chip has a plate scale of 0.401 ′′ /pixel, but with binning the plate scale increased by a factor of 2.
We observed the cluster using Strömgren b and y filters as well as a narrow band Hα filter, and we obtained two observations of 5 s duration in each filter. We also observed five standard stars (HD 79039, HD 80484, HD 104664, HD 105498, and HD 128726) from the list of Cousins (1987) . Each standard star was observed in each band at a minimum of three different airmasses. All of the images were processed in IRAF 1 using nightly bias and dome flat frames, and we used the technique described by Massey & Davis (1992) the instrumental magnitudes of each object. We determined the magnitudes of the standard stars using a large aperture of 8 ′′ , and we used a smaller aperture for the more crowded cluster stars and later performed an aperture correction to transform the target measurements to the aperture system of the standards.
We calibrated our Strömgren b and y photometry of NGC 3766 using the photometric transformation equations from Henden & Kaitchuck (1982) , but the Hα magnitudes were somewhat harder to correct since the filter system is not universally standard. We corrected the Hα instrumental magnitudes for atmospheric extinction by plotting each standard star's instrumental magnitude vs. airmass, and the slope provides a good measure of the principal extinction coefficient. Since the color coefficient is difficult to determine without knowing the absolute Hα magnitudes, and since color is relatively unimportant for the response of such a narrow-band filter, we assumed it to be negligible within errors. We also assumed that the second-order term is zero. We determined the constant offset between the instrumental Hα magnitudes and the true magnitudes by fitting a theoretical color-color curve to the MS B stars in the observed color-color diagram (described in §3). Because the theoretical curve assumes that Vega, an A0 V star, is assigned a magnitude of zero, the final Hα magnitudes are calibrated using this convention. The errors in the magnitudes are from the combined estimated instrumental errors, the standard deviation of the aperture correction, and the errors in the transformation coefficients. They are usually < 0.04 mag in b and y, and < 0.07 mag in Hα. Our photometry of NGC 3766 is listed in Table 1 , which is available online (see Note to Table 1).
From our images, we also performed astrometry of the cluster to determine accurate positions of each star. Ten medium-bright stars from each cluster were selected to be astrometry reference stars, and we matched their average (x, y) positions with their right ascension, α, and declination, δ, from the 2MASS All-Sky Catalog of Point Sources (Cutri et al. 2003) . We used the IDL routine astromit.pro, written by R. Cornett & W. Landsman, to compute the astrometric solution from the reference stars. With this known solution, the program uit xy2ad.pro, written by R.
Cornett, B. Boothman and J. D. Offenberg, used the list of (x, y) positions of all stars in NGC 3766 and output their α and δ. Using this technique, we obtained typical errors of 0.
′′ 10 in both α cos δ and δ.
In addition, we obtained spectra of 21 members of NGC 3766 with the CTIO 1.5 m telescope in 2003 March. These first-order spectra were made with the Cassegrain spectrograph, the #47 grating (831 grooves mm −1 , blazed at 8000Å), a GG495 order sorting filter, and a Loral 1200 × 800 CCD. This arrangement recorded the spectrum over the range 5490 -6790Å with a resolving power of λ/∆λ = 1700. Exposure times varied between 300 -1800 s, and resulted in a S/N = 300 pixels −1 near Hα. We did not remove the weak, narrow telluric lines from these spectra so that our measurements of the line flux more closely correspond to the photometric measurements. These spectra were reduced to a rectified intensity versus heliocentric wavelength format using standard procedures in IRAF. Figure 1 shows a color-magnitude diagram of NGC 3766 with the theoretical isochrone, assuming solar metallicity, from Lejeune & Schaerer (2001) . For this cluster, we used the values of the reddening, E(b − y) = 0.15, and unreddened distance modulus, 5 log d − 5 = 11.4, provided by Shobbrook (1985) and log age (years) = 7.16 from the WEBDA database for Galactic open clusters 2 . However, Lejeune & Schaerer do not include an ischrone for this cluster age in their database, so we used the closest match (log age = 7.15) in Figure  1 . Because their models do not provide Strömgren magnitudes, we transformed the Johnson V magnitude to Strömgren y using the transformation (Cousins & Caldwell 1985) . To transform B − V to b − y, we used
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from Turner (1990) . Not having obtained the v magnitudes for the cluster, we used the ZAMS re-2 The WEBDA database is maintained by J.-C. Mermilliod and is available online at obswww.unige.ch/webda/navigation.html. Each point along the theoretical isochrone corresponds to an effective temperature, and we defined all objects with temperatures between 10000 − 30000 K as B stars. Some B-type giants and supergiants may be included in this range as a result. The horizontal dashed line in Figure 1 represents the maximum magnitude for B-type stars in the cluster, y Bmax , while the minimum B star magnitude, y Bmin , is out of the plot range. The massive O-and B-type stars all lie to the left of the vertical dashed line that represents E(b − y). It is important to note that the gap between the faintest stars and the horizontal line y Bmax may indicate a systematic bias in this search for Be stars; in NGC 3766, our photometry does not detect the faintest late-type B or Be stars.
Before inspecting the observed color-color curve of NGC 3766, we created a theoretical color-color curve using colors derived from Kurucz (1979) model spectra. These model flux distributions include a realistic treatment of the Hα line profile, and they have a fine enough resolution to permit a reasonable estimate of the flux that passes through the narrow-band Hα filter (about 5 model wavelength points span the full range of the filter). We used the IRAF routine calcphot in the HST stsdas/synphot package to calculate the y−Hα and b−y indices for the Kurucz model fluxes assuming solar metallicity, log g = 4.0 and 4.5, and a temperature range of 7000 -30000 K. We omitted higher temperature, O-type stars because non-LTE effects become important in these stars, and Balmer line absorption is stronger than predicted by the Kurucz LTE models. We had to adjust the Strömgren b and y magnitudes from calcphot for the true magnitudes of the A0 V star Vega since they differ slightly from zero in the Strömgren system (Gray 1998; Hauck & Mermilliod 1998) . We then interpolated between the two gravity models log g = 4.0 and 4.5 for the gravity associated with MS stars in the Lejeune & Schaerer (2001) models. The solid line in Figure 2 shows the resulting theoretical color-color curve from the Kurucz model spectra. Along this curve, the y − Hα index rises with b − y color in redder (cooler) stars, and the curve has a local minimum near b − y = 0.0 that corresponds to the maximum H Balmer absorption line strength found in early A-type stars. The dashed line in Figure 2 represents the same Kurucz model colors at a reddening of E(B − V ) = 0.5 using the reddening law from Fitzpatrick (1999) for an assumed value of R ≡ A(V )/E(B − V ) = 3.1. Note that for this value of R, E(B − V ) can be converted to the Strömgren system using the expression
from Fitzpatrick (1999) . Figure 2 also includes the color indices derived from dereddened spectra of 161 stars from the atlas of Jacoby, Hunter, & Christian (1984) . There appears to be good agreement between the reference color-color relation from the Kurucz fluxes and the observed colors of MS stars in the B-and A-type spectral range (b−y = −0.13 to 0.25). The mean difference is (y − Hα) obs − (y − Hα) mod = 0.01 ± 0.05, where the error indicates the standard deviation. The most discrepant point is 0.10 mag away from the predicted trend. This indicates that the reference curve can be applied to our photometry with relatively small systematic errors. However, it does point out the need to be cautious in identifying Be stars. Hot, post-MS stars have slightly larger y − Hα indices than MS stars since they have narrower Hα absorption profiles due to less pressure broadening in their atmospheres. In addition, unreddened MS stars may appear slightly above the reddened theoretical curve and could be confused with weak Be stars. A parabolic fit of the colors of the entire Jacoby et al. sample is shown as a dotted curve, and unreddened foreground stars will probably be found close to this line in the observed color-color diagrams.
It was difficult to match the theoretical colorcolor curve to the observed data, however, since the model assumes y − Hα = 0 for A0 V stars (specifically, Vega), but the Hα photometry was not initially calibrated to such a standard system. Therefore, we used the B star data to find the average difference between our data and the model, and we offset the Hα magnitudes by adding this difference. Because the fit was sometimes skewed by Be stars with significantly larger y − Hα values, we removed any stars more than 2σ above the fit and improved the offset. Here, σ is the standard deviation of the y − Hα residuals from the Kurucz relation for the stars in NGC 3766.
The color-color diagram of NGC 3766 is plotted in Figure 3 , which also includes the theoretical color-color curve (solid line) transformed according to the adopted reddening E(b − y) for the cluster using the reddening law from Fitzpatrick (1999). The long dashed line in the diagram is the parabolic fit for unreddened MS and evolved stars from the Jacoby et al. sample. Finally, the vertical dotted line in Figure 3 indicates E(b − y).
With theoretical models correlated to both the color-magnitude and color-color diagrams, we used the agreement to identify both B stars and Be stars among the cluster members. The B stars lie in the region y Bmin < y < y Bmax and b − y < E(b − y). A subset of these B stars may be active Be stars, which are distinguished by their line emission, often in Hα, so they will usually appear brighter in this band than normal B stars. Those B stars with y − Hα more than 2σ above the theoretical color-color curve (and above the unreddened MS fit, to eliminate unreddened foreground stars and post-MS stars) are tentatively classified as Be stars. Each Be star candidate is represented with a large diamond in Figures 1  and 3 , whereas all other stars are shown as small diamonds. Definite Be star detections are those candidates which have a significantly larger (> 5σ) y − Hα color than the cluster's B-type population. The possible detections are those whose colors lie just slightly above the unreddened MS fit. These possibly include some contaminating foreground stars and supergiants, but we show in §4 that this population does include some weakly emitting Be stars.
Spectroscopic Test of the Method
To test the accuracy of this photometric method of identifying Be stars in NGC 3766, we performed a spectroscopic investigation of this cluster. From a literature search, we found 22 previously identified Be stars in NGC 3766. Mermilliod (1982) lists 13 Be stars identified by Hα line emission in their spectra, and Shobbrook (1985 Shobbrook ( , 1987 classified 10 of Mermilliod's stars plus 9 additional stars as Be stars based on his own Strömgren uvby and Hβ photometry.
Our own color-color diagram of NGC 3766, shown in Figure 3 , revealed only 5 Be stars with definite Hα emission (WEBDA #15, 264, 240, 88, and 53) . In addition to these, one of the previously identified Be stars (#232) was saturated in our images, and one was not in the field-of-view (#301). To resolve the discrepancy between the published literature and our results, we obtained spectra of these previously identified Be stars, excluding only the star outside the field-of-view in our CCD images. From the spectra of NGC 3766, we found that only 9 of the 21 stars exhibited Hα emission in our spectra. One of these emission stars (#232) was indeed the known Be star that is saturated in the photometry. We show the relative Hα profiles of the other 8 emission stars in NGC 3766, offset vertically for clarity, in Figure 4 . Five of these 8 stars, those with the strongest Hα emission, are easily identified as Be stars in the color-color diagram in Figure 3 . Therefore, our technique for identifying definite Be star candidates with a b − y vs y−Hα diagram accurately accounts for about 63% of the Be stars in this cluster.
The three Be stars that did not stand out in the color-color diagram each had somewhat different Hα line profiles from the other Be stars. One star (#1) had a "shell" spectrum, i.e., weak emission in the wings of the line accompanied by stronger central absorption. This line profile is characteristic of Be stars observed nearly edge-on, so that the thick hydrogen disk absorbs an even larger fraction of the star's flux at Hα. The other two Be stars (#27 and #151 southern component) had only weak Hα emission, probably from smaller disks, making it more difficult to distinguish them from non-emission stars.
After reviewing the results from the spectra, we looked more carefully at Figure 3 and noticed a group of stars occupying a region just slightly above the bulk of the OB stars, but beneath the unreddened line that we use as the cutoff for Be star detections. These may be weak Hα emitters, or they may be foreground stars. Within the errors of the photometry, this group is nearly indistinguishable from the non-emitters. The shell star #1 was in this group, so it was not detected as a Be star candidate. However, the weak emitter #27 was found just above the unreddened line, so it was identified as a possible Be star by our technique. The final weak emitter, #151, was grouped with the non-emitting OB stars in the color-color diagram. On the other hand, two stars that did not show Hα emission in the spectra, #26 and #204, appeared as possible Be star detections above the unreddened line. Given that the weakly-emitting Be stars and the non-emitting B star regions overlap within the errors of the photometry, it is easy to attribute the confusion to the photometry errors. However, it is worth noting that #26 and #204 have been classified as Be stars in the past, and there was a one year gap between obtaining photometry and spectroscopy of this cluster. Therefore it is also possible to attribute the discrepancy between the photometry and spectroscopy to intermittent weak emission from these stars. Therefore we count each of the stars in the weakly-emitting region of the colorcolor diagram as possible Be star detections, but we do not include #1 or #151 as a detection based on the criteria discussed above.
Twelve of the previously identified Be stars in NGC 3766 did not have active Hα emission at the time of our spectroscopic observations. We show their Hα absorption profiles in Figure 5 on a slightly different scale than Figure 4 . Several of these stars (especially #291, 204, 195, 146, 36 , and 4) have absorption line profiles that may have a small emission component in the absorption line cores due to weak nebular Hα emission. Alternatively, the emission-like profile could be an indication of line blending in double-line spectroscopic binaries. This superposition of two absorption line profiles can mimic Be star emission profiles; Coté & van Kerkwijk (1993) found that several stars in their Be star sample had been misclassified as emission stars due to their binary nature. More spectra of these stars are needed to confirm if they are indeed spectroscopic binaries that have been misclassified as Be stars in the past.
To demonstrate the overall accuracy of this technique to identify Be stars, we show in Figure  6 a plot of the equivalent width, W λ , of Hα versus the y −Hα color of the 20 stars with both photometry and spectroscopy. W λ was measured by performing a numerical integration from 6529 − 6597 A, the range covered by the narrow band Hα filter (FWHM = 68Å, centered at 6567Å). The measurement errors are dominated by the placement of the continuum and amount to δW λ = ±0.22Å or better. Absorption features have positive equiv-alent width while emission features have negative equivalent width, but the equivalent width may be positive for weak emission line stars in which the emission only partially fills the photospheric absorption line of Hα. We fit the observed W λ and y − Hα color to the logarithmic relationship
with the fitting factor C = 0.264, and this curve is shown as a solid line in Figure 6 . There is significant scatter in the observed relationship compared to the theoretical curve, and the boundary between Be and non-Be stars is unclear, probably due to the variability of Hα emission over the year between our observations. However, Be stars appear to have y − Hα 0.2 in our calibrated system.
Conclusions
Our photometric technique for identifying Be stars is very efficient for finding those stars with strong Hα emission, as we have shown for NGC 3766. While we correctly identify 63% of the previously known, currently active Be stars in NGC 3766, we do not confirm the active Be status of 7 stars claimed as Be stars in the past. As our results show, Be stars with weaker emission are more difficult to identify conclusively with the colorcolor diagram method. Even if the errors in the photometry were negligible, these stars may be confused with unreddened foreground stars or supergiants in a color-color diagram. In some cases it may be possible to eliminate such foreground stars from the sample based on their positions relative to the MS in a color-magnitude diagram; alternatively, proper motions or radial velocities may be used to separate non-members from the cluster sample. We do not think that B-type supergiants are a significant source of contamination since supergiants within the cluster will be rejected by the y Bmin constraint in the color-magnitude diagram, and the chances of having a background B supergiant in the sample are very small unless two distant clusters fall along the same line of sight (this is the case with some of the clusters in our forthcoming paper). However, B-type supergiants can be removed from the sample by including IR photometry in the observational program since Be star disks will create an IR excess that is correlated to their luminosity in Hα (Stee & Bittar 2001) . If such measurements are not available, Hα spectroscopy may be required to conclusively identify weak Hα emitters.
As Figure 1 shows, our photometry of NGC 3766 does not cover the entire range of B star magnitudes. Unless the observational program is designed to reach A-type stars, the total number of B, and perhaps Be, stars will be underestimated in any search for Be stars. This is especially a concern when measuring the fraction of Be stars relative to normal B-type stars because the number of B-type stars increases dramatically with later spectral types. Keller et al. (2001) illustrate this problem with their deep photometric survey of the clusters h and χ Persei. They find that more than 30% of the brightest B stars are Be stars, but the Be star fraction decreases to 2% or less for B5-B9 spectral types. Because many other studies of Be stars (e.g. Mermilliod 1982; Shobbrook 1985; Grebel 1997; Fabregat & Torrejón 2000) rely upon magnitude limited samples that do not accurately reflect the true Be fractions, this source of incompleteness is worth discussion. However, in this situation a more accurate Be/B star fraction can be determined by assuming a typical IMF distribution for the cluster and extrapolating to estimate the number of late stars omitted. As Keller et al. (2001) show, the contribution of late-type Be stars is small and may be neglected in such an extrapolation.
Both Abt (1987) and Grebel (1997) have discussed another problem with short-term photometric studies of Be stars, namely that they only detect those Be stars with active emission at the time of the observations, and thus only a lower limit of the true Be population is found. This effect can be significant in observational surveys; Coté & van Kerkwijk (1993) found that 14% of the known Be stars in their sample of B stars from the Bright Star Catalogue did not show active emission. From our own spectra of NGC 3766, we found that only 9 of 21 Be stars discussed in the literature had active disks in 2003 March, although we believe that at least some of these Be stars have been misidentified in the past. From these two studies, the true fractions of Be stars in a sample could be anywhere between 1.2 − 2.3 times the number detected. Only a long term, multi-year investigation will approach the complete population of Be stars in a given sample.
While our (b−y, y−Hα) color-color technique is limited in its ability to detect weakly emitting Be stars, this is still an efficient method for identifying Be stars in open clusters. Applied consistently to a large sample of open clusters, the variability of the Be phenomenon can be neglected and this technique can provide important statistical results about these stars, especially regarding their evolutionary status and the cause of their rapid rotation. In an upcoming paper, we will apply our photometric method to more than 50 additional clusters and discuss the results.
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